Abstract-Winding resistance and rotor flux linkage are important to controller design and condition monitoring of a surfacemounted permanent-magnet synchronous machine (PMSM) system. In this paper, an online method for simultaneously estimating the winding resistance and rotor flux linkage of a PMSM is proposed, which is suitable for application under constant load torque. It is based on a proposed full-rank reference/variable model. Under constant load torque, a short pulse of i d = 0 is transiently injected into the d-axis current, and two sets of machine rotor speeds, currents, and voltages corresponding to i d = 0 and i d = 0 are then measured for estimation. Since the torque is kept almost constant during the transient injection, owing to the moment of system inertia and negligible reluctance torque, the variation of rotor flux linkage due to injected i d = 0 can be taken into account by using the equation of constant torque without measuring the load torque and is then associated with the two sets of machine equations for simultaneously estimating the winding resistance and rotor flux linkage. Furthermore, the proposed method does not need the values of the dq-axis inductances, while the influence from the nonideal voltage measurement, which will cause an ill-conditioned problem in the estimation, has been taken into account and solved by error analysis. This method is finally verified on two prototype PMSMs and shows good performance.
dq-axis reference voltages measured from the PI regulators (in volts)
. u 
V com
Constant of the distorted voltage due to inverter nonlinearity in the dq-axis reference frame (in volts).
V dc Actual dc-link voltage (in volts). V m Measured dc-link voltage (in volts). ω, θ
Electrical angular speed (in radians per second) and rotor position (in radians).
I. INTRODUCTION

P
ERMANENT-MAGNET (PM) synchronous machines (PMSMs) are now widely employed in industrial servo drives, electrical/hybrid electric vehicles, wind power generators, etc., since they have high torque and power density and high efficiency. However, for most applications, it is important to obtain accurate electromagnetic parameters for control system design [1] , [35] - [38] , online fault diagnosis [17] , and rotor/ stator condition monitoring [16] . Traditionally, these machine parameters such as stator winding resistance and rotor flux linkage are measured using additional instrumentation, which increases system complexity and setup time and requires the machine to work on no load due to the safety issue in measurement. In reality, it is seldom possible that all the required instrumentation is available for the parameter measurement, and furthermore, the desired parameter value on load is usually different from the value on no load. However, no matter if it is for controller design or condition monitoring, it is preferable that the machine parameters can be observed when it is actually on load. Thus, in reality, online parameter estimation technologies such as model reference adaptive systems [2] , recursive least squares [17] , and extended Kalman filters [7] are customarily employed for estimating the desired parameter values rather than using additional instruments, particularly for online monitoring the stator and rotor conditions. However, it is known in system identification theory that it is impossible to ensure estimation accuracy if the estimation is based on a rank-deficient reference/variable model, and the 0278-0046/$31.00 © 2013 IEEE steady-state dq-axis equation of PMSM shows that it is a rankdeficient equation for simultaneously estimating winding dqaxis inductances, winding resistance, and rotor flux linkage. Therefore, as detailed in [3] , [22] , [30] , and [34] , it is impossible to simultaneously estimate winding resistance and rotor flux linkage using only one set of PMSM states. Taking the method in [1] , for example, it did not take into account the rank of the utilized reference model, and its estimator failed to estimate the stator winding resistance due to ill convergence. For solving this rank-deficient problem, some literature [2] - [6] , [32] - [34] proposes to estimate each parameter separately by fixing other parameters to their nominal values to get a full-rank reference/ variable model. However, what could be worse is that, if the winding resistance and rotor flux linkage are not simultaneously estimated but estimated separately, the estimation of the two parameters will converge to the wrong points [22] due to the mismatching of unestimated parameters. For example, the method in [3] proposed two schemes for estimating winding resistance and rotor flux linkage, respectively. In scheme I, the stator winding resistance is estimated while the rotor flux linkage and the inductance are set to their nominal values. In scheme II, the rotor flux linkage is estimated while the winding inductance and resistance are set to their nominal values. However, it is verified in [22] that the method in [3] will suffer from the mismatch between the nominal and actual parameter values, and a similar problem also occurs in the method presented in [2] , which was proposed to estimate the winding resistance and inductance simultaneously while the rotor flux linkage is set to its nominal value.
In practice, parameter values such as PMSM stator winding resistance and rotor flux linkage are both required for condition monitoring of stator winding and rotor PMs, for example, their temperature rise. In this case, the estimation of winding resistance and rotor flux linkage should be performed simultaneously; otherwise, this will also suffer from the mismatch between the nominal and actual parameter values. For example, assuming that there is a variation in the stator winding and scheme II in [3] is employed for monitoring the variation of rotor flux linkage, the variation in the stator winding will influence the result of estimating rotor flux linkage, and it is impossible to distinguish whether this variation comes from the stator winding or the rotor. Thus, the winding resistance and rotor flux linkage should be estimated simultaneously, and the rank-deficient problem should be solved prior to the estimator design. To overcome this rank-deficient problem, perturbation signals such as i d = 0 and dc voltage offset are injected into the system to build a full-rank reference model for estimation [7] - [13] , [22] . It is first reported in [7] - [9] that, by setting the dq-axis inductances to their nominal values, the dq-axis equation can be made full rank for simultaneously estimating the winding resistance and rotor flux linkage with the injection of i d = 0, in which the variation of inductance and nonideal voltage measurement, such as inverter nonlinearities, variation of dc-bus voltage, and zero shift in the amplifier, are not taken into account. Taking the method presented in [8] as an example, it proposed to inject alternating d-axis current to activate the winding resistance and rotor flux linkage estimation. However, it was proved in [22] that the method in [8] was sensitive to the amplitude of injected i d = 0 because it did not account for the variation of inductance and nonideal voltage measurement due to i d = 0. In addition, the method in [10] proposed to estimate the dq-axis inductances, winding resistance, and rotor flux linkage simultaneously by two schemes with different convergence speeds as well as inject a three-level perturbation in the d-axis current. However, the convergence of the estimated parameter was still sensitive to the perturbation, and the unstable convergence in some experiments might be caused by saturation. Furthermore, an error-analysis-based full-rank reference/variable model was proposed in [22] for simultaneously estimating the winding resistance, rotor flux linkage, and dq-axis inductances of a nonsalient-pole PMSM by a transient injection of i d = 0. It took into account the ill-conditioned problem (see Appendix B) caused by the variations of dq-axis inductances and rotor flux linkage due to the injected i d = 0. However, it did not take into account the influence from nonideal voltage measurement. In addition, it is also reported in [11] - [13] that it is possible to online estimate the winding resistance by transiently superimposing a dc voltage offset in one or more of the machine phases, by which the estimation of winding resistance will be dependent on the variations of inductance and rotor flux linkage. This kind of method [11] - [13] should take into account the influence of the injected dc voltage offset on the system stability, and the amplitude of the injected dc bias should be minimized.
On the other hand, the methods in [14] - [16] and [19] proposed to estimate the winding resistance and rotor flux linkage with assistance from measuring instruments. For example, the methods presented in [14] and [15] proposed to add a load test to aid the rotor flux linkage estimation, and it is effective if the torque is accurately measured. In addition, since it is much cheaper to bury a thermocouple in the stator winding than to add a torque transducer, the method in [16] proposed to monitor the variation of rotor flux linkage with the assistance from the measured stator winding temperature. The method in [19] proposed an online multiparameter identification method based on power and torque measurement technique. Parameters such as copper loss, stator loss, mechanical loss, and stray loss are estimated with assistance from a high-accuracy digital power meter and a torque transducer.
In addition, it is reported that, in some applications, it is acceptable to estimate the winding resistance and rotor flux linkage approximately by changing the working condition. For example, it is proposed in [17] to simultaneously estimate the winding resistance and rotor flux linkage under varying load torque; however, this will not be effective under constant load torque. It is proposed in [18] that the winding resistance can be approximately estimated at low speed while the rotor flux linkage can be approximately estimated at medium and high speeds. It is proposed in [20] that the winding resistance and rotor flux linkage can be estimated separately before and after the starting of the PMSM. In [21] , it is proposed that the rotor flux linkage can be estimated at standstill by tuning the PI constants and measuring sets of step responses.
In this paper, a method based on a full-rank reference/ variable model is proposed for simultaneously estimating the winding resistance and rotor flux linkage of a PMSM, which can be used as condition indicators (such as temperature rises) of stator winding and rotor PMs. Under constant load torque, a perturbation of i d = 0 is transiently injected into the d-axis current, and two sets of PMSM rotor speeds, currents, and voltages corresponding to i d = 0 and i d = 0 are then measured for estimation. Since the torque is kept almost constant due to the system mechanical inertia and the fast response of the current-loop PI controller during the transient injection, the variation of rotor flux linkage due to injected i d > 0 can be obtained by using the equation of constant load torque without measuring the physical load torque and is then associated with the two sets of machine equations for simultaneously estimating winding resistance and rotor flux linkage. Different from the existing methods [7] - [10] , [20] based on injecting i d = 0, the proposed estimation does not need the nominal value of any parameters, and its accuracy will not suffer from the machine parameter variation due to i d = 0. Furthermore, compared with that in [21] , the proposed estimation will not be influenced by the variations of dq-axis inductances and rotor flux linkage due to i d = 0 while the ill-conditioned problem caused by nonideal voltage measurement has been taken into account and solved by optimizing the amplitude of injected i d . The proposed method is experimentally employed for monitoring the stator winding and rotor PM conditions in a small-power PMSM and a relatively large power PMSM, respectively.
II. PMSM MODEL
Since the cross-coupling effect is usually negligible at steady state, the dq-axis equations of the PMSM shown in the following are usually employed for the parameter estimation of the PMSM [1] - [10] , [18] , [22] , [28] :
In steady state, the dq-axis machine equations can be simplified as follows [23] :
where "k" is the index of the discrete sampling instants in the drive system. However, as can be seen from (2), the rank of (2) is two while there are four parameters such as dq-axis inductances, winding resistance, and rotor flux linkage. Therefore, it is impossible to ensure that the estimation accurately converges to the right point, and a current pulse is injected to obtain one more set of dq-axis state equations. The schematic diagram for measuring and recording two sets of rotor speeds, dq-axis currents, and dq-axis voltages is shown in Fig. 1 , in which the setup time delay is to ensure that the measurement of Data1 is started after the settling of step transients correlated to the i d pulse. From Fig. 1 , the two measured sets of PMSM data correspond to two sets of PMSM state equations and can be combined as a whole system to give
In (3), the variables and parameters with and without the subscripts "0" correspond to the measured data when i d = 0 and i d = 0, respectively. "k 0 " and "k 1 " are the indices of the k 0 th and k 1 th measured instants of Data0 and Data1, respectively. Since the mechanical and temperature time constants are much larger than the electrical constant, the rotor speed [ω(k 0 ) = ω(k 1 )] and winding resistance will be almost constant during measuring the data. To reduce the influence on the output torque, the width of the injected perturbation in the d-axis current is limited to a short time, which will be discussed in the following sections. The recorded data can be used to calculate iteratively until the estimated results converged to the final value in the background application. Since the machine is under constant load torque and the rotor speed is also kept constant, the electromagnetic torque at i d = 0 and i d = 0 can be
III. PROPOSED FULL-RANK ESTIMATION
A. Proposed Full-Rank Model and Estimator Design
As can be seen from (4), since the electromagnetic torque is constant during the estimation, the rotor flux linkage after the injection of i d = 0 can be derived by solving (4)
Substituting (5) into (3d), it becomes
Thus, the following can be obtained:
Substituting (7) into (6), it becomes
Combining (8) and (3b), it becomes
It can be seen from the derivation process shown in (5)
, and L d0 ) and the rotor flux linkage term at i d = 0 (ψ m ) are canceled and only two terms, namely, the rotor flux linkage at i d = 0 (ψ m0 ) and the winding resistance (R), exist in (9), of which the rank number is two. Thus, the winding resistance and rotor flux linkage can be solved from (9) without the influence from the variations of dq-axis inductances and rotor flux linkage due to i d = 0, and (9) can ensure that the estimation will correctly converge to the right point.
Since the neural network (NN) technology is widely employed in machine parameter estimation [22] , [24] , the Adaline algorithm [25] is utilized to design the winding resistance and rotor flux linkage estimators, which are derived from (9) and respectively shown in
The design processes of the two estimators are detailed in Appendix A. The schematic diagram of the whole estimation is shown in Fig. 2 . The estimation will be started after the completion of the measuring and recording of Data0 and Data1. As can be seen from Fig. 2 , since Data0 and Data1 are stored in RAM, the numbering can be reset to be k = k 0 = k 1 = 0 at the beginning of the estimation, and the two stored sets of data are simultaneously sent to the proposed estimation method for iterative computation from zero to N − 1 in sequence.
Although the proposed reference model (9) is full rank, the accuracy of estimators (10) and (11) still suffers from the illconditioned problem caused by the nonideal voltage measure- ment such as inverter nonlinearities, variation of dc-bus voltage, and zero shift in the amplifier. In Appendix B, the definition of the ill-conditioned problem is briefly introduced, and the solution for the ill-conditioned problem due to nonideal voltage measurement will be discussed in the following section.
B. Analysis of Ill-Conditioned Problem
As detailed in [26] - [28] , the steady-state equations of a PMSM, including the voltage nonlinearities, can be shown as follows:
where u where T d is the control dead time of the switch, T on and T off are the turn-on and turn-off time delays of the switch, respectively, and V ce0 and V d0 are the threshold voltages of the active switch and the freewheeling diode, respectively [29] . From (12), it is evident that terms such as u will introduce a distortion into the measured dq-axis voltages which will cause the estimation result to be different from the actual value. Thus, the measured dq-axis voltages from the PI regulators should be compensated prior to the estimation. Furthermore, since the compensation cannot be 100% accurate, the estimation error due to nonideal compensation should be analyzed and minimized by a software approach, for example, error analysis. The compensation for the nonideal voltage measurement is divided into three steps.
1) Read the zero-shift voltage V offset of the AD converter at zero speed while V dc = 0. Thus, the actual dc-bus voltage can be obtained by V dc = V m − V offset . 2) V com is computed by using the typical electrical parameters of the employed inverter [29] .
3) The computed V offset and V com will be employed for compensating the dq-axis voltages measured from the output of the PI regulators. Fig. 3 shows the above compensation process. By substituting (12) into (9), the winding resistance value including the estimation error R err due to u err d and u err q can be expressed as
where R a is the actual winding resistance and R err is the estimation error due to u err d and u
Since the estimation is under constant-torque control and the reluctance torque is negligible for a nonsalient-pole surfacemounted PMSM, the q-axis current will be almost constant (i q = i q0 ) during the injection of i d . Thus, (15) can be simplified to be
From (16), it is evident that R err is a monotonically decreasing function of i d . For parameter estimation, the estimation error R err can be acceptable if it is negligible compared with its nominal value. Equation (16) shows that R err can be minimized by increasing the amplitude of i d or minimizing u Fig. 4 , which shows that R err will be either infinite if i d is close to zero or close to zero if i d is large enough. It can also be explained that a larger amplitude of injected i d will achieve a larger ratio of signal to measurement error, which can improve the estimation accuracy significantly. Furthermore, as can be seen from (16) depend on the power devices and are different in various systems, while the sign of i q depends on the operating mode of the machine. Thus, the sign of i d is the only term that can be changed for achieving the optimal efficiency of minimizing the estimation error, which can be determined by using error analysis.
IV. EXPERIMENTAL VERIFICATION
A. Hardware Platform and Control System
To validate the performance of the proposed method, two prototype PMSMs (Motor1 and Motor2) shown in Fig. 5 are employed for testing, and their design parameters are given in Tables I and II , respectively. Motor1 is controlled by a Texas Instruments 2812 DSP and fed by a Mitsubishi PS21867 inverter, while Motor2 is controlled by a DS1006 board and fed by a SEMIX 71GD12E4s inverter. In addition, it is obvious that the rated power of Motor1 (150 W) is relatively small compared with that of Motor2 (3 kW). Vector control is employed for testing, and its schematic diagram is depicted in Fig. 6 . 
B. Experimental Validation on Motor1
The proposed method is first validated on Motor1. As detailed in Appendix B, the estimation result may suffer from the ill-conditioned problem due to the nonideal voltage measurement, while in reality, any voltage compensation cannot be 100% accurate. Thus, the estimation error due to nonideal voltage measurement and compensation should be minimized by using error analysis. 3) The estimation error of (10) due to the ill-conditioned problem (or nonideal voltage measurement) can be R err = R − R a .
As can be seen from Fig. 7 and Table III , the estimation error R err decreases with the increase in the amplitude of i d , and it can be negligible when i d ≥ 2 A, which is similar to the simulated result of Case2 in Fig. 4(a) . Thus, from the error analysis results in Fig. 7 , it is preferable to inject i d = 2.5 A for the parameter estimation throughout this paper. Fig. 8 shows the measured currents and electrical angular speed during the injection of i d , which shows that the influence of injected i d on the speed is negligible owing to the moment of system inertia. The pulsewidth of i d = 0 is set to be 50 ms, and the ill-conditioned problem due to nonideal voltage measurement can be well solved by using error analysis. Figs. 9 and 10 show the estimated stator winding resistance and rotor flux linkage at normal condition (the room temperature is T = 25
• C), from which it is obvious that the estimated parameter values are quite close to the nominal values listed in Table I . In addition, since there exist iron losses (see Appendix C) and temperature rise in the winding due to on-load, it will cause the estimated winding resistance (0.388 Ω) slightly larger than the measured winding resistance (0.373 Ω) at standstill.
For comparison, three resistors are connected in series with the three phase windings of Motor1 at t = 20 s. Each resistor is R p = 0.414 Ω, and the estimation result after the addition of resistors is shown in Fig. 11 . It can be seen that the estimated variation of winding resistance (0.426 Ω) is close to the actual added resistor value. Thus, the proposed method is effective in tracking the variation of winding resistance and can be used for the condition monitoring of stator windings. Furthermore, Fig. 12 shows that the variation of winding resistance has almost no influence on the estimation of rotor flux linkage.
A heater is used to heat the stator and shaft of the PMSM for 20 min (from t = 0 to t = 20 min). By using an infrared thermometer, the surface temperature of Motor1 is measured to be T = 80
• C at t = 20 min. For comparison, the winding resistance and rotor flux linkage will be estimated at t = 0, 20, 35, and 60 min. Fig. 13 shows the convergence curves of the estimated winding resistance and rotor flux linkage at t = 0, 20, 30, and 60 min, while the estimated variations of winding resistance and rotor flux linkage are compared in Table IV with their normal values (t = 0 and T = 25
• C). From Fig. 13 and Table IV , it is evident that the estimated winding resistance will increase from 0.388 to 0.473 Ω after 20-min heating, and the winding resistance value will decrease to its normal value soon after the heating is removed.
Different from the variation of winding resistance, the value of rotor flux linkage will decrease from 78.8 to 72.0 mWb after 20-min heating. In addition, since the rotor is covered by motor end caps and has worse heat dissipation ability than the stator, the rate at which the rotor flux linkage value increases to its normal value is much slower than the speed of winding resistance.
C. Experimental Validation on Motor2
For comparison, the proposed method is also validated on Motor2, which is relatively larger than Motor1 and designed for a small-scale direct-drive wind turbine test rig. Fig. 15 shows the error analysis result of Motor2, which is similar to the simulated result of Case1 in Fig. 4(b) . Thus, from Fig. 15 , it is preferable to inject i d = 1.8 A for the parameter estimation of Motor2 throughout this paper. From  Figs. 16 and 17 , it is obvious that the estimation results at normal condition are close to the nominal values shown in Table II . Similar to the experimental results of Motor1, the estimated winding resistance value of Motor2 (2.135 Ω) at 10 r/min is slightly larger than its nominal value (2.005 Ω) at standstill, which is caused by the iron losses and temperature rise in the winding due to on-load. A similar phenomenon also occurs in the experimental results at 15 r/min, as depicted in Figs influence on the estimation of rotor flux linkage. Thus, the proposed method still shows good performance in tracking the parameter variation of Motor2. In addition, since the rotor outer diameter of Motor2 is as large as 426.4 mm and is much larger than that (100 mm) of Motor1, it is difficult to uniformly heat Motor2, and the heating experiment is therefore not duplicated on it.
V. CONCLUSION
A new parameter estimation scheme for simultaneously estimating the winding resistance and rotor flux linkage of a PMSM has been proposed in this paper, which can be used for condition monitoring of machine stator winding and rotor PMs. This method is based on a proposed full-rank model, and a short injection of i d = 0 is needed during the estimation. Different from existing methods [7] - [10] , [20] based on injecting i d = 0, the proposed method does not need the value of dq-axis inductances while the rotor flux linkage variation due to injected i d = 0 is taken into account by using the equation of constant load torque. In addition, the ill-conditioned problem due to nonideal voltage measurement has been investigated and solved by using error analysis. The experimental validation has shown that the proposed method has good performance in estimating and tracking the variations of winding resistance and rotor flux linkage. Thus, it is suitable for the condition monitoring of a nonsalient-pole PMSM. Furthermore, it has the potential ability to be used for the fault analysis of winding resistance and rotor flux linkage since some real faults, such as winding open/short circuit and damage in the rotor PM, will cause significant variations in winding resistance and rotor flux linkage.
APPENDIX A DESIGN ESTIMATORS BY ADALINE NN
The mathematical model of Adaline NN can be shown as follows:
where W i is the net weight and X i is the input signal. The activation function O(W i , X i ) of the network output node is a linear function. The general structure of Adaline NN [25] is shown in Fig. 22 . As can be seen from (A1) and Fig. 22, if d(k) is the measured system output, the weight adjustment can be obtained via LMS [25] 
In (A2), η is the convergence factor which adjusts the weight convergence speed. In the proposed method shown in Fig. 2 , k 0 will be kept always equal to k 1 for the convenience of estimator design. Thus, from (9a) and (9b), the following can be obtained:
From (A3), the subnet of the winding resistance estimator can be expressed as that in Fig. 23(a) , which shows the input and output of the estimator. Assume that
whereR(k) is the estimated winding resistance, and the Adaline estimator can be derived from (A2) by comparing Fig. 23(a) with Fig. 22 and is shown as follows:
Similarly, from (9b), the subnet of the rotor flux linkage estimator can be expressed as that in Fig. 23(b) , which shows the input and output of the estimator. Assume that
whereψ m0 (k) is the estimated rotor flux linkage. Thus, the rotor flux linkage estimator can be derived from (A2) by comparing Fig. 23(b) with Fig. 22 and is shown as follows:
R(k) is transferred from (A4) in each step of the estimation.
APPENDIX B ILL-CONDITIONED PROBLEM
Consider systems x + y = 2 x + 1.001y = 2
x + y = 2 x + 1.001y = 2.001.
The system on the left has a solution of x = 2 and y = 0, while the one on the right has a solution of x = 1 and y = 1. The coefficient matrix is called ill conditioned because a small change in the constant coefficients or in the variables (x and y) will result in a large change in the solution. For a coefficient matrix A, the condition number [cond(A)] is utilized to judge whether it is a well-conditioned matrix, which is defined as follows:
where " v " is the operator norm of matrix A, which can be one, two, or ∞. The system equations are called ill conditioned if cond(A) v is much larger than one, or else, they are called well conditioned.
APPENDIX C CORE-LOSS RESISTANCE
Assuming that R c is the core-loss resistance (or iron-loss resistance) caused by the rotor-PM and stator armature-reaction fluxes, the PMSM voltage equations in steady-state condition can be written as [19] , [31] 
where [19] . Thus, compared with that from (1), it is obvious from (C1) that the resistance term R e including the winding resistance and the core-loss term will be slightly larger than the winding resistance R at standstill. Thus, in real application, the heat resistance losses of a PMSM should be larger than its copper loss. Taking Motor2 as an example, the estimated value of iron loss versus copper loss at full load by using SPEED software is 26% and is not negligible. Furthermore, by taking into account the coreloss resistance, (9) will become (C2), shown at top of the page, where |i q0 (k 0 )| |(ω(k 1 )L q /R c )i d (k 1 )| in real application. Thus, (C2) can be simplified to be (C3), shown at top of the page. Equation (C3) has the same form as (9) but with a larger resistance term R e > R. Thus, in real application, the estimated winding resistance based on (9) will be slightly larger than the measured winding resistance at standstill due to the core-loss resistance (or iron losses).
